TT virus (TTV) is a newly discovered DNA virus originally classified as a member of the
Introduction
Transfusion-transmitted virus (TTV) is a newly discovered virus widely distributed in human populations (Okamoto et al., 1998 b ; Nishizawa et al., 1997 b) . Its discovery resulted from the ongoing search for viruses that cause cases of posttransfusion hepatitis, chronic hepatitis and fulminant hepatic failure of unexplained aetiology. Although studies of the clinical significance and epidemiology of TTV are currently Author for correspondence : Peter Simmonds.
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confined to a few reports, the virus is known to have a worldwide distribution (Naoumov et al., 1998 ; Ho$ hne et al., 1998 ; Simmonds et al., 1998 ; Okamoto et al., 1998 b) , to be transmitted through blood transfusion and blood products and to be able to establish persistent infection in humans characterized by low levels of circulating viraemia (Nishizawa et al., 1997) . There is presently no agreement about the classification of TTV, although it has been suggested that TTV may be a parvovirus (Okamoto et al., 1998 b) , a circovirus (Takahashi et al., 1998 b) or correspond to a member of a new virus family (Mushahwar et al., 1999) .
In common with hepatitis G virus\GB virus C, it is unclear whether infection with TTV is associated with any specific disease syndromes. TTV was originally discovered in Japan amongst patients with mild elevations of alanine amino-transferase after blood transfusion, although whether infection contributed to the observed hepatitis was unclear (Nishizawa et al., 1997) , given the high frequency of TTV infection in the donor population (Okamoto et al., 1998 b) . Similarly, while TTV is widespread in patient populations, no evidence for its role in fulminant hepatitis or idiopathic chronic hepatitis has been found (Naoumov et al., 1998) . On the other hand, high levels of TTV have been detected in liver of infected individuals (Okamoto et al., 1998 b) , while its shedding in faeces might arise from secretion in bile as documented for hepatitis A virus (HAV) and other enterically transmitted viruses . TTV infection is frequent in the general population, with at least 1n9 % of blood donors viraemic in the UK, and 12 % in Japan. We have recently shown even higher frequencies of viraemia amongst populations in tropical countries, which may be as high as 74 % in Papua New Guinea, and 83 % in Gambia , findings that argue strongly for nonparenteral routes of transmission.
In the current study, we have carried out a large-scale comparison of TTV variants detected in several geographical regions, including the Democratic Republic of Congo (DRC, formerly Zaire), Nigeria, Gambia, Sudan, Brazil, Ecuador, Papua New Guinea (PNG), Saudi Arabia and Pakistan. Comparison of these variants with previously described variants of TTV suggests that TTV is extremely variable, while the geographical distribution of these variants is consistent with a long history of human infection. This study is of value in understanding the evolution of TTV, and provides information contributory to epidemiological investigations of its transmission and its relationship with its host.
Methods
Samples from survey populations. Samples tested from Ecuador, Northern Brazil and Papua New Guinea (Kar Kar Island) were collected from undisturbed indigenous people inhabiting equatorial forest, while those from Sudan, Gambia (lower river division), around Lagos in Nigeria and from the Kimpese region of DRC were collected from predominantly rural, farming communities. Samples collected from Pakistan and Saudi Arabia originated from blood donors resident in Karachi and Riyadh respectively . Samples of plasma or serum obtained from study subjects were separated and frozen on the day of collection before shipment to Edinburgh. The following country codes have been used to identify sequences from the different survey populations : BRZ, Brazil ; ECU, Ecuador ; NGA, Nigeria ; GMB, Gambia ; DRC, Democratic Republic of Congo ; SDN, Sudan ; PNG, Papua New Guinea ; PKN, Pakistan ; SAR, Saudi Arabia.
TTV amplification and nucleotide sequencing. DNA was extracted directly from 100 µl plasma as described previously (Jarvis et al., 1994) , and dissolved in a final volume of 25 µl DEPC-treated water. TTV sequences were amplified by hemi-nested PCR (primer set A ; Okamoto et al., 1998 b) and fully nested primers as previously described (Primer set B ; Simmonds et al., 1998) , using 5 µl of the extracted DNA. The primers and conditions for both PCR reactions have been described elsewhere . Amplified products were separated by electrophoresis through a 2 % agarose gel containing ethidium bromide, and visualized under UV light. Samples were considered positive if amplified DNA was obtained with either Set A or Set B primers. Frequencies of TTV viraemia from seven of the eight study populations have been published previously (see Table 1 ; , while for Saudi Arabia the frequency was 9\48 (19 % ; Table 1 ). DNA sequencing of amplified TTV PCR products was performed manually by cycle sequencing using a thermostable DNA polymerase (Amersham) and the same primers as for the secondary PCR reaction.
Cloning. PCR products were cloned into the pGEM-T easy vector by using the TA cloning kit (Promega) according to the manufacturer's instructions.
Sequence analysis. Nucleotide sequences in the N22 region from GenBank and from the current study were aligned and analysed using the Simmonic 2000 sequence analysis package. Analysis of published sequences used the 116 sequences available on the 19 October 1998 on GenBank (Ho$ hne et al., 1998 ; Takahashi et al., 1998 b ; Okamoto et al., 1998 a, b ; Simmonds et al., 1998 ; Ding et al., He et al., Luo et al., Martinez de Montemuroz et al., Neil et al., Poovorawan et al., Viazov et al., Wei et al., Yusen et al., Zhou et al., unpublished information ; list of sequences available from authors). Representative sequences of type 1a, 1b, 2 and 3 from different sources and the unclassified TTV variant from a German patient, P\1 (accession no. AF060550 ; Ho$ hne et al., 1998) were used in comparisons with sequences obtained in the current study.
Analysis of the distribution of pairwise distances was carried out using uncorrected p-distances between nucleotide and inferred amino acid sequences [expressed as percentages (Table 1) ]. Phylogenetic analysis of sequences (see Fig. 2 ) used p-distances between nucleotide sequences, and neighbour-joining as implemented in the MEGA package (Kumar et al., 1993) . The use of evolutionary distances (corrected for multiple substitution) was precluded by the extreme sequence divergence of the BRZ297 variant. Bootstrap re-sampling (100 datasets) was used to assess the robustness of the phylogenetic groupings. Sequences obtained in the current study have been submitted to GenBank and have been assigned the accession numbers AF113958-AF113967 and AF113973-AF113994.
Results

Sequence diversity of TTV
As of 19 October 1998, a total of 117 nucleotide sequences of TTV had been deposited in GenBank, of which 116 included sequence information within a 222 bp region corresponding to nucleotide positions 58-279 of the N22 clone (Okamoto et al., 1998 b ; Nishizawa et al., 1997 b) . Phylogenetic analysis allowed the sequences to be grouped into the three previously described TTV types (1-3), while one sequence grouped separately (P\1; Ho$ hne et al., 1998) . Within the type 1 sequences, the majority showed evidence for a second level of clustering corresponding to the two previously described subtypes, type 1a and 1b (Okamoto et al., 1998 b) . Other sequences formed separate groupings within type 1. Amongst type 2 sequences, few published variants grouped closely with TS003 and NA004, previously categorized as types 2a and 2b. The range of pairwise distances between type 1, 2 and 3 sequences (mean value 36 % nucleotide, 41 % amino acid) was largely distinct from those within types 1, 2 and 3 (9n7% Simmonds et al. (1998) . § Previously described in Hoehne et al. (1998) . R Previously described in Okamoto et al. (1998 b) . ¶ 25\45 pools of 5. Prevalence ( f ) adjusted using the Poisson relation ; f l kln( f ! ).
nucleotide, 9n3 % amino acid), although type 2 and 3 sequences were more similar to each other than either group to type 1 (see below). These distance relationships support the phylogenetic evidence for three main groupings of TTV variants. The majority of published sequences originated from Japan, Germany and the UK. To investigate sequence diversity of TTV elsewhere in the world, samples from human populations in several different geographical regions were assayed for TTV DNA by PCR using previously described hemi-nested and fully nested primers (sets A, B ; Simmonds et al., 1998 ; Okamoto et al., 1998 b) . Prevalences of detectable TTV viraemia varied considerably between geographical regions, ranging from 1n9 % (Scotland ; Simmonds et al., 1998) to 86 % (Gambia ; Table 1 ). Amplified DNA from PCR-positive samples from 9 study populations was directly sequenced, and yielded 122 readable sequences over the 222 bp region. Nucleotide sequences from a further 19 samples could not be accurately read as a consensus sequence, suggesting the presence of infection with more than one genotype. To investigate this further, amplified DNA from four of the samples was cloned, and five to ten clones from each were analysed by sequencing. Mixed infection with multiple genotypes was confirmed in two of four samples (PNG85 and PNG31). The frequency of untypeable\mixed infections was highest in regions with high prevalences of TTV infection (e.g. Gambia, DRC).
Phylogenetic comparison of the sequences with previously described representative sequences of different types allowed most of the new sequences to be classified into the previously described genotypes (Figs 1 and 2 ). Type 1 sequences were supported by a bootstrap value of 100 %, although there was evidence for a second level of branching into subtypes, of which type 1a (92 %), 1b (81 %) and a subset of sequences obtained from PNG (100 %) were examples. Type 2 and 3 sequences formed two separate bootstrap-supported clades (87 and 98 % respectively). The phylogenetic classification was partly supported by pairwise distances between sequences (Table 1) . Mean pairwise distances within subtypes 1a, 1b and 1 PNG ranged from 2n7 to 3n5 % (range 0-10n6 %), lower but partially overlapping with the range of distances between subtypes of type 1 (mean 10n9 %), or within type 2 and 3 sequences (mean values 14n4 and 8n2 %). Similarly, mean distances within genotypes were lower than between genotypes but ranges of values were overlapping [mean value 34n5 % (16-46 %)]. Pairwise distances between genotype 2 and 3 sequences (23 %) were lower than between 1 and 2 or 1 and 3 (36 and 33 %) and the former values were responsible for much of the overlap with distances within genotypes.
The ratio of non-synonymous to synonymous substitutions ranged from 1 : 3 (within subtypes) to 1 : 10 (between subtypes) and are comparable to ratios observed for coding sequences of other viruses. These values indicate selection pressure against amino acid replacements in this part of the TTV genome, Five sequences (GMB55, ECU135, PNG54, NGA18 and BRZ297) and the unclassified P\1 sequence (AF060550) grouped separately providing provisional evidence for further genotypes of TTV (Fig. 1) . Supporting this, these sequences showed mean pairwise nucleotide distances from each other and to the established genotypes from 8 to 55 % (11-70 % amino acid ; Table 2 ), similar to the mean distances between types 1, 2 and 3. The most divergent variant (BRZ297) showed minimal nucleotide and amino acid sequence similarity to other variants of TTV (Fig. 2) . Despite the observed sequence BHFD L. E. Prescott and others L. E. Prescott and others Fig. 1 . Phylogenetic analysis of representative sequences from the N22 region of previously described type 1, 2 and 3 variants (symbol #, followed by accession no.) and representative sequences obtained in the current study [symbol $, followed by country code (BRZ, Brazil ; ECU, Ecuador ; NGA, Nigeria ; GMB, Gambia ; DRC, Democratic Republic of Congo ; SDN, Sudan ; PNG, Papua New Guinea ; PKN, Pakistan ; SAR, Saudi Arabia), two of each type or subtype from each geographical region]. Branch lengths proportional to uncorrected p-distances between sequences (scale shown in lower-left corner of the figure.) ; numbers on branches indicate percentage of bootstrap re-samplings supporting phylogeny, restricted to values of 75 % or greater.
Sequence diversity of TT virus Sequence diversity of TT virus Fig. 2 . Comparison of inferred amino acid sequences in the N22 region of previously classified TTV variants of types 1a, 1b, 2a, 2b and 3 (indicated by accession nos) with examples from different geographical regions of sequences obtained in the current study, including the five divergent unclassified variants GMB55, ECU135, PNG54, NGA18 and BRZ297. Symbols : ' . ', amino acid identity with the type 1a prototype sequence, AF008394 (TA278 ; Okamoto et al., 1998 b) ; ' ', amino acid not determined. Nucleotide divergence, sequences from all 5 of the unclassified variants were collinear with those of types 1-3, and the amino acid changes were frequently conservative in nature suggesting structural or functional homology between the encoded proteins.
Geographical distribution of TTV genotypes
There was considerable variability in the distribution of genotypes between different geographical regions, but also substantial overlap in the distribution of certain TTV variants. For example, type 1b sequences were found in all geographical regions surveyed other than Pakistan and Saudi Arabia, while type 2 was absent only from PNG (and from the two samples sequenced from Sudan). Samples from African survey populations contained types 1a and 1b as well as varying proportions of unclassified type 1 subtypes. Most sequences from Papua New Guinea formed a separate cluster within type 1 (type 1 PNG ), although low frequencies of type 1a, 1b and 3 sequences were also found, as well as the highly divergent PNG54 sequence. In contrast, sequences obtained from Japan using the same hemi-nested primers as used in this study were almost invariably type 1a or 1b (Okamoto et al., 1998 b) .
Discussion
Classification of TTV into genotypes
The classification of TTV variants into genotypes 1, 2 and 3 used in this study provided a convenient method to label sequences, but can only be regarded as provisional until longer sequences from variants other than type 1a or 1b become available ; sequences of genotypes 2 and 3 are currently restricted to the 222 bp fragment analysed in the current study. While there was strong bootstrap support for the three main genetic groups of TTV, the overlap in pairwise distances between genotype and subtype prevented simple distance methods being used as the principal method for TTV classification. While it is possible that a clearer distinction might be achieved if longer sequences were obtained, this has demonstrably not resolved the classification of other viruses, such as hepatitis C virus (Tokita et al., 1998 ; Simmonds et al., 1996) . The existence of variants that did not group with genotypes 1, 2 and 3 and which showed considerable sequence divergence from each and from previously classified TTV variants provided provisional evidence for the existence of further genotypes of TTV, although each was confined to single samples and sequence was obtained from only a relatively short region of the genome. Finally, a likely future problem for classification is the existence of much more highly divergent variants such as BRZ297, whose limited sequence similarity to other TTV variants indicates either that it should not be referred to as TTV, or as previously suggested (Viazov et al., 1998) , that it should be referred to as type 2 or 3, while all the other variants described here and in other studies could be regarded as subtypes of type 1.
Origins of TTV sequence diversity
TTV has an unusual degree of genetic variability compared to other DNA viruses. The N22 region analysed in this study (positioned in the large ORF) corresponds to a structural (nucleocapsid) protein in both parvoviruses and circoviruses, and might be capable of accommodating considerable sequence variability. In contrast to TTV, however, parvoviruses such as B19 in humans are characterized by an extremely low degree of sequence diversity throughout the genome, with nucleotide sequences of epidemiologically unrelated isolates differing from each other by only 1-2 % (McOmish et al., 1993 Sequence diversity of TT virus Sequence diversity of TT virus et al., 1991) . This degree of sequence conservation has been attributed to the transcription fidelity and proof-reading ability of the cellular DNA polymerase complex exploited for replication of the viral genome.
However, the diversity of a virus population is as much a reflection of its rate of sequence change as its population structure, history and mechanism of spread. For example, human papillomaviruses (HPVs) also use cellular DNA polymerase for genome replication, but are characterized by substantially greater genetic diversity than parvovirus B19. Around 70 different HPV types have been described in humans that differ from each other by up to 54 % in the L1 coding sequences used for HPV classification (Chan et al., 1995) . These different HPV types appear to have diverged from each other early in primate evolution and to have co-existed in both human and other primate hosts for several million years. This long-term co-existence of variants is compatible with a virus causing a persistent, often non-pathogenic, infection that is spread by close contact. By these criteria, the lack of sequence diversity of other DNA viruses such as parvovirus B19 might be accounted for by the cyclical epidemic pattern of transmission in human populations, where long-term host-virus coevolution is prevented by the transient nature of infection. The criteria that favour the development of genetic diversity in HPV (persistence, and possible non-pathogenicity) also apply to TTV. Indeed, if TTV also uses a cellular DNA polymerase for replication (as suggested by its likely small genome size), then the genetic variants described in this and previous studies may also represent extremely ancient virus lineages, possibly as old as those of HPV, which has a similar diversity of variants.
Geographical distribution of TTV variants
Sequence comparisons of TTV detected in the survey populations demonstrated that certain genotypes were widely distributed globally, even in survey populations with little or no contact with each other. For example, samples from Brazil and Ecuador were obtained from relatively undisturbed nonurban indigenous tribes-people, while samples from Papua New Guinea were obtained from a geographically isolated population inhabiting the island of Kar Kar who have little contact with other inhabitants of elsewhere in PNG or neighbouring geographical regions. Despite this, variants classifiable as types 1a, 1b and 3 were frequently found in both populations.
Understanding how genotypes of TTV such as type 1a, 1b, 2 and 3 could have become globally distributed is hampered by current ignorance of the routes of transmission of TTV. Exposure to TTV by blood transfusion may lead to a persistent infection characterized by low levels of viraemia, indicating that parenteral exposure may be a route of TTV transmission (Nishizawa et al., 1997) . However, parenteral exposure seems inadequate to explain the high prevalence of TTV infection in currently sampled populations, ranging from 1n9 % in the UK to over 80 % in the Gambia . In an area (DRC) with a high population of prevalence of TTV, we have demonstrated acquisition of TTV infection in over 50 % of children between 3 and 12 months after birth (Davidson et al., 1999) . These infections were acquired irrespective of the infection status of the mother, suggesting environmental sources of infection possibly similar to those for HAV, which is also acquired frequently in the first year of life in the same study population. The detection of TTV in faeces is consistent with a similar route of transmission to HAV and other enteroviruses .
In addition to globally distributed variants of TTV, there was some evidence for more geographically restricted TTV variants ; for example, most study subjects from PNG were infected with a distinct subtype of type 1. The extreme isolation of this population may have favoured the development of a genetically distinct population of TTV, whose divergence from other type 1 subtypes may have originated through its separation over the last 40 000 years, during which the islands of South-East Asia have been occupied by modern human populations. The demonstration of similar clustering of variants in other undisturbed populations would support this hypothesis, although this was not observed in the current study of indigenous people of South America.
Future epidemiological investigations of the distribution of TTV require better defined population groups and division into defined risk groups for TTV infection. A more complete description of the genetic diversity of TTV is also likely to require better methods for detection and genetic characterization of TTV sequences. The existence of variants such as BRZ297 casts doubt on whether current PCR-based techniques can detect all variants of TTV with equivalent efficiency, since extreme sequence divergence of this variant is likely to be reflected in the primer binding sites of the hemi-nested primers used in the current study. The genotype distribution detected in the surveyed populations may therefore be heavily biased towards variants most closely similar to the prototype TTV sequence on which the PCR primer sequences were based (Nishizawa et al., 1997) . Because of this, the TTV virus family might therefore be even larger and more diverse than indicated in this and previous investigations. Indeed, a study published recently describes the use of more conserved primers from the 5hNCR, and reveals a significant increase in the frequency of TTV detection over that achieved using the N22 primers . In the future, the use of primers from more conserved regions of the genome (such as the 5hNCR), and the possible development of serological assays against conserved epitopes of TTV may provide a better indication of the distribution of TTV infection, and its genetic heterogeneity.
